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Wnts control mammalian developmental morphogenesis and are critical for adult stem cell main-
tenance. Wnts initiate several intracellular signaling cascades, such as Wnt/b-catenin-, Wnt/Ca2+-
and Wnt/ROR2-signaling. Signaling preference of Wnts for these various pathways is thought to
depend on the repertoire of receptors present on recipient cells. Here, we propose a further reﬁne-
ment of this receptor model and hypothesize that Wnt signaling speciﬁcity depends on co-receptor
recruitment upon binding of Wnt to Frizzled receptor molecules. In this model, recruitment of LRP5/
6 leads to activation of Wnt/b-catenin signaling, whereas signaling through other pathways is med-
iated by recruiting ROR2.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Wnt signaling constitutes a network of evolutionarily conserved
intracellular signaling cascades with essential functions in cell
polarity, differentiation, migration and proliferation. It orches-
trates morphogenesis during embryonic development and is criti-
cal for the maintenance of adult stem cell compartments in the
hematopoietic and gastrointestinal system. AberrantWnt signaling
underlies many pathologies. Most notably, overly activated Wnt
signaling is an early step in tumorigenesis of the colon.
The Wnt pathway is a rather complex signaling system. At the
plasma membrane of mammalian cells, any combination of nine-
teen soluble Wnt ligands, 10 Wnt receptors of the Frizzled protein
family, several co-receptors and at least four classes of secreted
Wnt signaling modulators (sFRPs, Dkks, Rspondins and WIF) can
be present. Early attempts to assign Wnts and Frizzleds to func-
tional classes were based on their ability to transform C57MG
mammary tumor cells [1,2] and their propensity to induce a sec-
ondary axis when ectopically expressed in Xenopus laevis embryos
[3,4]. These activities were correlated with the ability of these pro-
teins to activate a given signal transduction cascade [5]. Such crude
classiﬁcations may bear little predictive power for the physiologi-
cal function of these proteins, as preference for a signaling cascade
by Wnts and Frizzleds seems highly context-dependent [6,7]. Achemical Societies. Published by E
aman).striking example of signaling ambivalence is represented by the
mammalian Frizzled-2 receptor which, based on current literature,
seems to be involved in the activation of several intracellular sig-
naling cascades. This review discusses these signaling pathways
and attempts to align apparently contradictory literature regarding
Frizzled-2 signaling. Finally, we present a model that describes
how signaling speciﬁcity may be achieved by Wnts and Frizzleds
using Frizzled-2 signaling as an example.
2. The Wnt/b-catenin pathway
Wnt/b-catenin or ‘‘canonical” signaling revolves around the
transcriptional modulator b-catenin. In quiescent cells, de novo
synthesized b-catenin is recruited to a protein assembly, termed
the ‘‘destruction complex”, which consists of the scaffolding pro-
teins axin and adenomatous polyposis coli and the ser/thr kinases
glycogen synthase kinase 3 and casein kinase Ia. These kinases
sequentially phosphorylate b-catenin at several N-terminal sites.
Consequently, b-catenin is recognized by the E3 ubiquitin ligase
b-transducin repeat-containing protein, which promotes ubiquiti-
nation and subsequent degradation of b-catenin by the proteasome
[8]. Thus, in non-stimulated cells cytoplasmic b-catenin levels are
typically low.
WhenWnt proteins bind to Frizzled receptors and a representa-
tive of the low density lipoprotein receptor-related protein family
(LRP5/6), a ternary complex is thought to form that transduces the
Wnt signal intracellularly. Formation of this ternary complex leadslsevier B.V. All rights reserved.
Fig. 2. Schematic representation of the Wnt/Ca2+-signaling pathway of Frizzled-2.
Wnt-5a binds to rat Frizzled-2, leading to G protein activation. Ga proteins activate
phosphodiesterase 6, which converts cyclic guanosine monophosphate (cGMP) into
GMP. Gb/c subunits induce activation of phospholipase C (PLC), culminating in the
release of Ca2+ from intracellular calcium stores and the ensuing nuclear translo-
cation of nuclear factor of activated T cells (NFAT). Within the nucleus, NFAT
initiates transcription of NFAT-responsive genes.
F. Verkaar, G.J.R. Zaman / FEBS Letters 584 (2010) 3850–3854 3851to the inhibition of destruction complex function through an
incompletely understood mechanism. As a consequence, b-catenin
is stabilized and migrates to the nucleus to initiate Wnt-responsive
gene transcription.
Activation of Wnt/b-catenin signaling can be assessed by trans-
fection of a b-catenin-responsive reporter gene termed TOPﬂash [9].
Such TOPﬂash experiments conducted on HEK293 cells transfected
with human and mouse Frizzleds demonstrated that Frizzled-2 can
activate Wnt/b-catenin signaling following treatment with recom-
binant mouse Wnt-3a with nanomolar potency [10–12]. Addition-
ally, the rat Frizzled-2 homolog induced Wnt/b-catenin signaling
in Drosophila melanogaster S2 cells following treatment with the
Drosophila Wnt protein Wingless [13].
The ﬁnding that Frizzled-2 is capable of activating Wnt/b-cate-
nin signaling is in line with the relatively high degree of sequence
homology of Frizzled-2 with Frizzled-1 and Frizzled-7 (Fig. 1), both
of which have been shown to be capable of activating Wnt/b-cate-
nin signaling [14,15]. In addition, overexpression of Frizzled-2
mRNA into zebraﬁsh (Danio rerio) embryos causes severe hyper-
dorsalization and formation of secondary axes [16], which are hall-
marks of over-active Wnt/b-catenin signaling [3,4].
3. The Wnt/Ca2+ pathway
The ﬁrst evidence that linked Frizzled-2 to intracellular Ca2+-
signaling came from vertebrate models of development. When
mRNAs coding for Xenopus Wnt-5a and Wnt-11 were injected into
zebraﬁsh embryos, Ca2+-oscillations were observed [17,18]. Wnt-
5a mRNA appeared to cooperate with mRNA coding for rat Friz-
zled-2 (rFz2) to induce this Ca2+-response [19]. Further studies in
Xenopus identiﬁed the Ca2+-sensitive proteins calcium/calmodu-
lin-dependent protein kinase II and protein kinase C as down-
stream components of the Wnt-5a/rFz2 pathway [20,21]. In
addition, Wnt-5a/rFz2-mediated Ca2+-signaling caused the nuclear
translocation of nuclear factor of activated T cells (NFAT), a Ca2+-
regulated transcription factor [22] (Fig. 2).Fig. 1. Homology tree of vertebrate Frizzled receptors. Clustering tree representing
pair-wise comparison of homology over 250 sequences encoding Frizzled receptors
derived from vertebrate genome sequencing projects (Ensemble). The Frizzled
(FZD; IUPHAR nomenclature) family roughly clusters into four distinct families
based on sequence identity: (I) Frizzled-1, -2 and -7, (II) Frizzled-5 and -8, (III)
Frizzled-3 and -6, (IV) Frizzled-4, -9 and -10. The Smoothened (SMO) receptor is a
distantly related 7TM receptor that functions in Hedgehog signal transduction.The direct characterization of Frizzled-2 receptor pharmacol-
ogy has been hampered for a long time by the unavailability of
Wnt-5a as a puriﬁed protein. To circumvent the use of Wnt-5a
to activate Wnt/Ca2+-signaling, Malbon and co-workers engi-
neered chimeric Frizzled receptors, in which the intracellular se-
quences are retained, but the transmembrane and extracellular
regions are replaced by those of the hamster b2 adrenergic recep-
tor (b2AR). The rationale behind constructing the Frizzled-b2AR
chimera was to create a receptor that could be activated and
inhibited with known b2AR (ant)agonists while presumably cou-
pling to the intracellular signaling pathway employed by the Friz-
zled receptor. Indeed, a rat Frizzled-1/b2AR chimera activated
Wnt/b-catenin-dependent signaling in response to the b-adrener-
gic agonist isoproterenol, in accordance with the signaling poten-
tial of wild-type rat Frizzled-1 [23,24]. In Chinese hamster ovary
and murine F9 teratocarcinoma cells, an analogous rFz2/b2AR chi-
mera caused Ca2+-release from intracellular stores when activated
with isoproterenol [25]. In addition, the chimera activated phos-
phodiesterase 6, which is responsible for cyclic guanosine mono-
phosphate (cGMP) conversion, leading to decreases in cytosolic
cGMP [25,26].
In subsequent years, several Wnt proteins became available as
puriﬁed proteins, including Wnt-5a, allowing the pharmacological
characterization of wildtype rFz2-mediated Ca2+-signaling. Since
then, Ca2+-signaling in mammalian cell types in response to direct
administration of puriﬁed Wnt protein has been conﬁrmed by
some investigators [27,28]. However, human Frizzled-2-over-
expressing and non-transfected HEK293 cells treated with recom-
binant Wnt-5a protein did not activate Ca2+-signaling, as measured
with ﬂuorescent Ca2+-dependent dyes or NFAT-responsive reporter
genes [7,12]. This raises doubts concerning the effects observed in
animal models, because they have largely relied on injection of
mRNA instead of direct Wnt administration. The Ca2+-mobilization
ascribed to Wnt-5a/Frizzled-2 may equally derive from altered
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secondary to Wnt-5a binding to Frizzled-2. Unless unambiguously
proven to exist by direct pharmacological proﬁling, the occurrence
and relevance of Wnt/Ca2+-signaling will likely remain debated.Fig. 3. Proposed mechanisms of Wnt-5a-imposed inhibition of Wnt-3a/b-catenin
signaling. (1) Wnt-5a competes with Wnt-3a for binding to the Frizzled/LRP5/6
receptor complex [44,45]. (2) Wnt-5a-treatment reduces cytoplasmic b-catenin
levels by activation of Siah-2-mediated b-catenin degradation [47]. (3) Wnt-5a
initiates, through activation of ROR2, an as yet unidentiﬁed signaling cascade that
inhibits b-catenin-dependent gene transcription without affecting b-catenin pro-
tein stability or nuclear accumulation [7,42,43].4. Wnt-5a/ROR2 signaling
The developmental studies described above have implicated
Wnt-5a as a ligand for Frizzled-2. Wnt-5a also signals through a
receptor tyrosine kinase called receptor tyrosine kinase-like or-
phan receptor 2 (ROR2). ROR2 was initially implicated in Wnt-5a
signaling based on similar phenotypes of knock-out mice [29].
These abnormalities include dwarﬁsm, craniofacial aberrations,
skeletal malformations, shortening of the extremities and respira-
tory dysfunction [29–31]. Some of these phenotypes have also
been observed in human pathologies, such as Robinow syndrome
and brachydactyly type B. Strikingly, mutations in ROR2 can
underlie both these human diseases [32,33]. More recently, muta-
tions in Wnt-5a have been linked to an autosomal dominant form
of Robinow syndrome [34], providing a genetic link between Wnt-
5a and ROR2 signaling and underlining the importance of the
signaling pathway activated by these proteins during human
development.
Relatively little is known about the signaling pathways em-
ployed by Wnt-5a/ROR2. A broad repertoire of scaffolding proteins
has been suggested to bind to ROR2 intracellularly [35–38]. How-
ever, the cellular consequences of these interactions require fur-
ther research. Wnt-5a/ROR2 signaling has been most ﬁrmly
implicated in the control of morphogenetic cellular movements,
collectively referred to as ‘‘convergent extension”, in Xenopus em-
bryos. During this process, Wnt-5a activates PI3-kinase and JNK
through ROR2, ultimately leading to expression of the proto-
cadherin XPAPC [39].
Perhaps the most controversial aspect of Wnt-5a signaling has
been its ability to activate Wnt/b-catenin-dependent signaling in
some contexts, whereas inhibiting it in other assay systems. For in-
stance, Xenopus embryos overexpressing Xenopus Frizzled-4 or -7
or human Frizzled-5 [40,41], and HEK293 cells overexpressing
mouse Frizzled-4 and human LRP5 [7,12] activate Wnt/b-catenin
signaling following Wnt-5a treatment, whereas Wnt-5a inhibits
Wnt/b-catenin signaling in the absence of these receptors
[7,42,43]. How Wnt-5a exerts its inhibitory effect on Wnt/b-cate-
nin signaling is not entirely clear. Several (possibly overlapping)
mechanisms for Wnt-5a-mediated inhibition of Wnt/b-catenin sig-
naling have been proposed (Fig. 3). Wnt-5a was found to inhibit
Wnt-3a-induced LRP6 phosphorylation, which was attributed to
competition for Frizzled binding (Fig. 3-1) [44,45]. In support of
this, Wnt-5a binds to Frizzled-8 and Frizzled-2 CRD with nanomo-
lar afﬁnity in binding assays using puriﬁed proteins [45,46]. In con-
trast, Topol and colleagues suggested that b-catenin is degraded by
the proteasome through the action of the E3 ubiquitin ligase Siah-2
in HEK293 cells treated with Wnt-5a (Fig. 3-2) [47]. Other investi-
gators did not observe any changes in cytoplasmic abundance or
subcellular localization of b-catenin, while b-catenin-dependent
reporter gene activity was dose-dependently inhibited by treat-
ment of HEK293T cells with recombinant mouse Wnt-5a (Fig. 3-
3) [7,42,43].
Although the molecular mechanism underlying the ability of
Wnt-5a/ROR2 to inhibit Wnt/b-catenin signaling is not fully under-
stood, knock-out mice studies demonstrate that inhibition of Wnt/
b-catenin signaling is a relevant aspect of Wnt-5a/ROR2 signaling
in vivo, as increased b-catenin-dependent signaling has been ob-
served in BATlacZ or TOPGAL reporter mice deﬁcient for Wnt-5a
[45,47] and in Axin2lacZ/+ reporter mice with homozygous inactiva-
tion of ROR2 [48].5. Frizzled-2: signaling through different co-receptors?
Given the evidence for Frizzled-2/Wnt-5a signaling and Wnt-
5a/ROR2 signaling, it is conceivable that Frizzled-2 is part of a com-
plex consisting of Wnt-5a and ROR2 mediating ‘‘non-canonical”
signaling. In support of this, Frizzled-2 cysteine-rich domain
(CRD; the Wnt-binding domain present in both Frizzleds and
ROR2) binds to ROR2 CRD and Wnt-5a in vitro [29,45]. In addition,
Wnt-5a-mediated internalization of Frizzled-2 requires ROR2 func-
tion andWnt-5a-mediated JNK signaling in HeLa cells is dependent
on both Frizzled-2 and ROR2 [45]. Such a Wnt-Frizzled-ROR2 com-
plex has been demonstrated for Wnt-5a, ROR2 and Frizzled-6 by
immunoprecipitation experiments on cell lysates [49]. A tempting
speculation is that Wnt/Frizzled-2 combinations can assemble into
different receptor complexes (Fig. 4). In such a model, Frizzled-2
serves as a scaffold for Wnt binding at the surface, after which
the nature of the Wnt/Frizzled complex determines signaling out-
put by binding to either LRP5/6 (inducing Wnt/b-catenin signaling)
or ROR2 (inducing non-canonical signaling). It is also conceivable
that Wnts bind to LRP5/6 or ROR2 prior to binding to Frizzleds.
In support of the model, Wnt-3a forms a ternary complex with
Frizzled receptors and LRP6 to activate b-catenin signaling,
whereas Wnt-5a only binds to LRP6 very weakly [44–46,49,50].
Conversely, Wnt-5a binds to ROR2 CRD in vitro, whereas Wnt-3a
does not [7,29,49]. This model predicts that forced proximity,
through genetic fusion or tagging with oligomerization domains
[13], of Frizzled-2 and either ROR2 or LRP5/6 would lead to differ-
ent signaling behaviors. Genetic fusion of Frizzled-5 to LRP5/6 re-
sults in a constitutively active receptor that signals to b-catenin
[13], but similar Frizzled-2 fusion proteins have not been made.
Another approach to investigate this model is to genetically alter
Wnt proteins so that they bind to a co-receptor they normally
Fig. 4. A proposed model for Wnt/Frizzled signaling through co-receptor recruit-
ment. (A) The current model assumes that signaling output is dependent on
receptor expression and afﬁnities of Wnts (in this case Wnt-5a) for receptors, where
binding of Wnt to ROR2 leads to non-canonical signaling and binding to Frizzled/
LRP5/6 leads to b-catenin signaling. (B) Within the model presented here, signaling
through these pathways is dependent not only on Wnt-Frizzled binding, but also on
the afﬁnity of Wnt-Frizzled complexes for co-receptors. For example, Wnt-5a-
Frizzled complexes favor binding to ROR2, but can also couple to LRP5/6 when
LRP5/6 levels greatly exceed ROR2 expression.
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the LRP5/6-binding portion of Dickkopf-2 protein, thereby forcing
Frizzled-LRP5/6 proximity, induces b-catenin signaling in Friz-
zled-2 overexpressing HEK293 cells [50].
How to reconcile the predictions implied from this model to the
observation that Wnt-5a is capable of activating Wnt/b-catenin
signaling in some contexts, for instance in HEK293 cells over-
expressing Frizzled-4 and LRP5 [7,12]? The real question here is
why overexpression of LRP5 is absolutely necessary for this effect
to occur, because activation of endogenous LRP5/6 receptors suf-
ﬁces for b-catenin signaling through Wnt-3a or Wnt-1 in HEK293
cells. The most likely explanation for this is that Wnt-5a binds to
LRP5/6 to an extent nearly undetectable by biochemical techniques
used thus far, such as co-immunoprecipitation, but sufﬁciently to
induce b-catenin signaling if high (exogenous) amounts of LRP5/6
are present on the plasma membrane (Fig. 4B).
6. Conclusion
The long-standing view that a given Wnt protein or Frizzled
receptor can activate only one signaling cascade, derived from
early classiﬁcations, has now been exchanged for a model in which
a single Wnt protein family member can induce multiple signaling
pathways dependent on receptor context [6,51]. Here we propose a
further reﬁnement of this model, in which Wnt signaling through
different pathways is not only regulated by binding of Wnts to
receptor molecules (Fig. 4A), but by the relative afﬁnities of Friz-
zled-Wnt complexes for co-receptors (Fig. 4B). In addition to set-
tling many controversies concerning Wnt/Frizzled signaling
speciﬁcity in current literature, this model provides a framework
to better understand Wnt signaling in vivo.Acknowledgements
The authors thank Jan Klomp for assistance with generation of
the Frizzled clustering tree. F.V. was funded by the Dutch govern-
ment BSIK Grant 03033.References
[1] Brown, A.M., Wildin, R.S., Prendergast, T.J. and Varmus, H.E. (1986) A
retrovirus vector expressing the putative mammary oncogene int-1
causes partial transformation of a mammary epithelial cell line. Cell
46, 1001–1009.
[2] Wong, G.T., Gavin, B.J. and McMahon, A.P. (1994) Differential transformation
of mammary epithelial cells by Wnt genes. Mol. Cell Biol. 14, 6278–6286.
[3] McMahon, A.P. and Moon, R.T. (1989) Ectopic expression of the proto-
oncogene int-1 in Xenopus embryos leads to duplication of the embryonic
axis. Cell 58, 1075–1084.
[4] Moon, R.T., Christian, J.L., Campbell, R.M., McGrew, L.L., DeMarais, A.A., Torres,
M., Lai, C.J., Olson, D.J. and Kelly, G.M. (1993) Dissecting Wnt signalling
pathways and Wnt-sensitive developmental processes through transient
misexpression analyses in embryos of Xenopus laevis. Dev. Suppl., 85–94.
[5] Shimizu, H., Julius, M.A., Giarre, M., Zheng, Z., Brown, A.M. and Kitajewski, J.
(1997) Transformation by Wnt family proteins correlates with regulation of
beta-catenin. Cell Growth Differ. 8, 1349–1358.
[6] Angers, S. and Moon, R.T. (2009) Proximal events in Wnt signal transduction.
Nat. Rev. Mol. Cell Biol. 10, 468–477.
[7] Mikels, A.J. and Nusse, R. (2006) Puriﬁed Wnt5a protein activates or inhibits
beta-catenin-TCF signaling depending on receptor context. PLoS Biol. 4, e115.
[8] Logan, C.Y. and Nusse, R. (2004) The Wnt signaling pathway in development
and disease. Annu. Rev. Cell Dev. Biol. 20, 781–810.
[9] Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-Maduro, J.,
Godsave, S., Korinek, V., Roose, J., Destree, O. and Clevers, H. (1996) XTcf-3
transcription factor mediates beta-catenin-induced axis formation in Xenopus
embryos. Cell 86, 391–399.
[10] Li, C., Chen, H., Hu, L., Xing, Y., Sasaki, T., Villosis, M.F., Li, J., Nishita, M.,
Minami, Y. and Minoo, P. (2008) Ror2 modulates the canonical Wnt signaling
in lung epithelial cells through cooperation with Fzd2. BMC Mol. Biol. 9, 11.
[11] Binnerts, M.E., Kim, K.A., Bright, J.M., Patel, S.M., Tran, K., Zhou, M., Leung, J.M.,
Liu, Y., Lomas III, W.E., Dixon, M., Hazell, S.A., Wagle, M., Nie, W.S., Tomasevic,
N., Williams, J., Zhan, X., Levy, M.D., Funk, W.D. and Abo, A. (2007) R-Spondin1
regulates Wnt signaling by inhibiting internalization of LRP6. Proc. Natl. Acad.
Sci. USA 104, 14700–14705.
[12] Verkaar, F., van Rosmalen, J.W., Smits, J.F., Blankesteijn, W.M. and Zaman,
G.J.R. (2009) Stably overexpressed human Frizzled-2 signals through the beta-
catenin pathway and does not activate Ca(2+)-mobilization in human
embryonic kidney 293 cells. Cell Signal. 21, 22–33.
[13] Cong, F., Schweizer, L. and Varmus, H. (2004) Wnt signals across the plasma
membrane to activate the beta-catenin pathway by forming oligomers
containing its receptors, Frizzled and LRP. Development 131, 5103–5115.
[14] Carron, C., Pascal, A., Djiane, A., Boucaut, J.C., Shi, D.L. and Umbhauer, M.
(2003) Frizzled receptor dimerization is sufﬁcient to activate the Wnt/beta-
catenin pathway. J. Cell Sci. 116, 2541–2550.
[15] Gazit, A., Yaniv, A., Baﬁco, A., Pramila, T., Igarashi, M., Kitajewski, J. and
Aaronson, S.A. (1999) Human frizzled 1 interacts with transforming Wnts to
transduce a TCF dependent transcriptional response. Oncogene 18, 5959–
5966.
[16] Sumanas, S., Kim, H.J., Hermanson, S. and Ekker, S.C. (2001) Zebraﬁsh frizzled-
2 morphant displays defects in body axis elongation. Genesis 30, 114–118.
[17] Slusarski, D.C., Yang-Snyder, J., Busa, W.B. and Moon, R.T. (1997) Modulation
of embryonic intracellular Ca2+ signaling by Wnt-5A. Dev. Biol. 182, 114–120.
[18] Westfall, T.A., Brimeyer, R., Twedt, J., Gladon, J., Olberding, A., Furutani-Seiki,
M. and Slusarski, D.C. (2003) Wnt-5/pipetail functions in vertebrate axis
formation as a negative regulator of Wnt/beta-catenin activity. J. Cell Biol. 162,
889–898.
[19] Slusarski, D.C., Corces, V.G. and Moon, R.T. (1997) Interaction of Wnt and a
Frizzled homologue triggers G-protein-linked phosphatidylinositol signalling.
Nature 390, 410–413.
[20] Kuhl, M., Sheldahl, L.C., Malbon, C.C. and Moon, R.T. (2000) Ca(2+)/calmodulin-
dependent protein kinase II is stimulated by Wnt and Frizzled homologs and
promotes ventral cell fates in Xenopus. J. Biol. Chem. 275, 12701–12711.
[21] Sheldahl, L.C., Park, M., Malbon, C.C. and Moon, R.T. (1999) Protein kinase C is
differentially stimulated by Wnt and Frizzled homologs in a G-protein-
dependent manner. Curr. Biol. 9, 695–698.
[22] Saneyoshi, T., Kume, S., Amasaki, Y. and Mikoshiba, K. (2002) The Wnt/calcium
pathway activates NF-AT and promotes ventral cell fate in Xenopus embryos.
Nature 417, 295–299.
[23] Liu, T., Liu, X., Wang, H., Moon, R.T. and Malbon, C.C. (1999) Activation of rat
frizzled-1 promotes Wnt signaling and differentiation of mouse F9
teratocarcinoma cells via pathways that require Galpha(q) and Galpha(o)
function. J. Biol. Chem. 274, 33539–33544.
[24] Liu, T., DeCostanzo, A.J., Liu, X., Wang, H., Hallagan, S., Moon, R.T. and Malbon,
C.C. (2001) G protein signaling from activated rat frizzled-1 to the beta-
catenin-Lef-Tcf pathway. Science 292, 1718–1722.
3854 F. Verkaar, G.J.R. Zaman / FEBS Letters 584 (2010) 3850–3854[25] Ahumada, A., Slusarski, D.C., Liu, X., Moon, R.T., Malbon, C.C. and Wang, H.Y.
(2002) Signaling of rat Frizzled-2 through phosphodiesterase and cyclic GMP.
Science 298, 2006–2010.
[26] Wang, H., Lee, Y. and Malbon, C.C. (2004) PDE6 is an effector for theWnt/Ca2+/
cGMP-signalling pathway in development. Biochem. Soc. Trans. 32, 792–796.
[27] Dejmek, J., Safholm, A., Kamp, N.C., Andersson, T. and Leandersson, K. (2006)
Wnt-5a/Ca2+-induced NFAT activity is counteracted by Wnt-5a/Yes-Cdc42-
casein kinase 1alpha signaling in human mammary epithelial cells. Mol. Cell
Biol. 26, 6024–6036.
[28] Ma, L. and Wang, H.Y. (2006) Suppression of cyclic GMP-dependent protein
kinase is essential to the Wnt/cGMP/Ca2+ pathway. J. Biol. Chem. 281, 30990–
31001.
[29] Oishi, I., Suzuki, H., Onishi, N., Takada, R., Kani, S., Ohkawara, B., Koshida, I.,
Suzuki, K., Yamada, G., Schwabe, G.C., Mundlos, S., Shibuya, H., Takada, S. and
Minami, Y. (2003) The receptor tyrosine kinase Ror2 is involved in non-
canonical Wnt5a/JNK signalling pathway. Genes Cells 8, 645–654.
[30] Yamaguchi, T.P., Bradley, A., McMahon, A.P. and Jones, S. (1999) A Wnt5a
pathway underlies outgrowth of multiple structures in the vertebrate embryo.
Development 126, 1211–1223.
[31] Takeuchi, S., Takeda, K., Oishi, I., Nomi, M., Ikeya, M., Itoh, K., Tamura, S., Ueda,
T., Hatta, T., Otani, H., Terashima, T., Takada, S., Yamamura, H., Akira, S. and
Minami, Y. (2000) Mouse Ror2 receptor tyrosine kinase is required for the
heart development and limb formation. Genes Cells 5, 71–78.
[32] van Bokhoven, H., Celli, J., Kayserili, H., van, B.E., Balci, S., Brussel, W., Skovby,
F., Kerr, B., Percin, E.F., Akarsu, N. and Brunner, H.G. (2000) Mutation of the
gene encoding the ROR2 tyrosine kinase causes autosomal recessive Robinow
syndrome. Nat. Genet. 25, 423–426.
[33] Oldridge, M., Fortuna, A.M., Maringa, M., Propping, P., Mansour, S., Pollitt, C.,
DeChiara, T.M., Kimble, R.B., Valenzuela, D.M., Yancopoulos, G.D. and Wilkie,
A.O. (2000) Dominant mutations in ROR2, encoding an orphan receptor
tyrosine kinase, cause brachydactyly type B. Nat. Genet. 24, 275–278.
[34] Person, A.D., Beiraghi, S., Sieben, C.M., Hermanson, S., Neumann, A.N., Robu,
M.E., Schleiffarth, J.R., Billington Jr., C.J., van, B.H., Hoogeboom, J.M., Mazzeu,
J.F., Petryk, A., Schimmenti, L.A., Brunner, H.G., Ekker, S.C. and Lohr, J.L. (2010)
WNT5A mutations in patients with autosomal dominant Robinow syndrome.
Dev. Dyn. 239, 327–337.
[35] Kani, S., Oishi, I., Yamamoto, H., Yoda, A., Suzuki, H., Nomachi, A., Iozumi, K.,
Nishita, M., Kikuchi, A., Takumi, T. and Minami, Y. (2004) The receptor tyrosine
kinase Ror2 associates with and is activated by casein kinase Iepsilon. J. Biol.
Chem. 279, 50102–50109.
[36] Liu, Y., Ross, J.F., Bodine, P.V. and Billiard, J. (2007) Homodimerization of Ror2
tyrosine kinase receptor induces 14-3-3(beta) phosphorylation and promotes
osteoblast differentiation and bone formation. Mol. Endocrinol. 21, 3050–
3061.
[37] Verhey van Wijk, N., Witte, F., Feike, A.C., Schambony, A., Birchmeier, W.,
Mundlos, S. and Stricker, S. (2009) The LIM domain protein Wtip interactswith the receptor tyrosine kinase Ror2 and inhibits canonical Wnt signalling.
Biochem. Biophys. Res. Commun. 390, 211–216.
[38] Akbarzadeh, S., Wheldon, L.M., Sweet, S.M., Talma, S., Mardakheh, F.K. and
Heath, J.K. (2008) The deleted in brachydactyly B domain of ROR2 is required
for receptor activation by recruitment of Src. PLoS One 3, e1873.
[39] Schambony, A. and Wedlich, D. (2007) Wnt-5A/Ror2 regulate expression of
XPAPC through an alternative noncanonical signaling pathway. Dev. Cell 12,
779–792.
[40] He, X., Saint-Jeannet, J.P., Wang, Y., Nathans, J., Dawid, I. and Varmus, H. (1997)
A member of the Frizzled protein family mediating axis induction by Wnt-5A.
Science 275, 1652–1654.
[41] Umbhauer, M., Djiane, A., Goisset, C., Penzo-Mendez, A., Riou, J.F., Boucaut, J.C.
and Shi, D.L. (2000) The C-terminal cytoplasmic Lys-thr-X-X-X-Trp motif in
frizzled receptors mediates Wnt/beta-catenin signalling. EMBO J. 19, 4944–
4954.
[42] Kurayoshi, M., Yamamoto, H., Izumi, S. and Kikuchi, A. (2007) Post-
translational palmitoylation and glycosylation of Wnt-5a are necessary for
its signaling. Biochem. J. 402, 515–523.
[43] Verkaar, F., Blankesteijn, W.M., Smits, O.F. and Zaman, G.J. (2010) Beta-
galactosidase enzyme fragment complementation for the measurement of
Wnt/beta-catenin signaling. FASEB J. 24, 1205–1217.
[44] Bryja, V., Andersson, E.R., Schambony, A., Esner, M., Bryjova, L., Biris, K.K., Hall,
A.C., Kraft, B., Cajanek, L., Yamaguchi, T.P., Buckingham, M. and Arenas, E.
(2009) The extracellular domain of Lrp5/6 inhibits noncanonical Wnt
signaling in vivo. Mol. Biol. Cell 20, 924–936.
[45] Sato, A., Yamamoto, H., Sakane, H., Koyama, H. and Kikuchi, A. (2009) Wnt5a
regulates distinct signalling pathways by binding to Frizzled2. EMBO J. 29, 41–
54.
[46] Bourhis, E., Tam, C., Franke, Y., Bazan, J.F., Ernst, J., Hwang, J., Costa, M.,
Cochran, A.G. and Hannoush, R.N. (2010) Reconstitution of a
frizzled8.Wnt3a.LRP6 signaling complex reveals multiple Wnt and Dkk1
binding sites on LRP6. J. Biol. Chem. 285, 9172–9179.
[47] Topol, L., Jiang, X., Choi, H., Garrett-Beal, L., Carolan, P.J. and Yang, Y. (2003)
Wnt-5a inhibits the canonical Wnt pathway by promoting GSK-3-
independent beta-catenin degradation. J. Cell Biol. 162, 899–908.
[48] Mikels, A., Minami, Y. and Nusse, R. (2009) The Ror2 receptor requires tyrosine
kinase activity to mediate Wnt5a signaling. J. Biol. Chem. 284, 30167–30176.
[49] Yamamoto, S., Nishimura, O., Misaki, K., Nishita, M., Minami, Y., Yonemura, S.,
Tarui, H. and Sasaki, H. (2008) Cthrc1 selectively activates the planar cell
polarity pathway of Wnt signaling by stabilizing the Wnt-receptor complex.
Dev. Cell 15, 23–36.
[50] Liu, G., Baﬁco, A. and Aaronson, S.A. (2005) The mechanism of endogenous
receptor activation functionally distinguishes prototype canonical and
noncanonical Wnts. Mol. Cell Biol. 25, 3475–3482.
[51] van Amerongen, R. and Nusse, R. (2009) Towards an integrated view of Wnt
signaling in development. Development 136, 3205–3214.
